Introduction
Similar to plant pathogens, aphids form close associations with their hosts and secrete 30 effector molecules to modulate host cell processes to their benefit. Over the past decade, 31 a combination of genomics-and proteomics-based approaches allowed the identification 32 of putative effectors from different aphid species, including economically important pests of 33 both monocot and dicot crops (Nicholson et al., 2012) (Rao et al., 2013) (Cooper et al., 34 2011) (Atamian et al., 2013) (Vandermoten et al., 2014) (Thorpe et al., 2016) (Zhang et al., 35 2017) (Thorpe et al., 2018) . Comparative analyses of aphid effector repertoires across 36 species has revealed core and diverse sets, provided insight into effector diversity, and 37 evidence for a shared transcriptional control mechanism driving their expression (Thorpe 38 et al., 2016) (Boulain et al., 2018) (Thorpe et al., 2018) . Moreover, functional 39 characterization of aphid effectors increased our understanding of how these proteins may 40 function to enhance plant susceptibility during infestation (as reviewed by (Yates and effector repertoires were identified and compared, allowing the extension of effector 80 characterization studies to cereal pests (Thorpe et al., 2016; Thorpe et al., 2018) . 81 Functional characterization of aphid effectors across different plant species, including 82 cereals is important to gain insight into sequence variation among effector repertoires 83 impacts host susceptibility. 84 Here, we characterized 3 R. padi effectors with regards to their subcellular localization, 85 gene expression, and contribution to susceptibility in host barley and non-host N. between R. padi and M. persicae transcriptomes with the minimum thresholds of 70 % identity and 50 % query coverage. Pair-wise sequence analysis was performed in Jalview 104 2.10.4 (Waterhouse et al., 2009 ) with T-coffee and default parameters. Signal peptide 105 sequences were predicted with SignalP 4.1 (Petersen et al., 2011 The experimental set-up for determining aphid effector gene expression in aphids exposed 118 to the different feeding environments is explained in detail in Thorpe et al., (Thorpe et al., 119 2018). Briefly, aphids were exposed to an artificial diet, host, poor/nonhost plant for 3h and 120 24h and collected for RNA samples preparation and their transcriptome was sequenced by 121 RNAseq. More specifically, R. padi was exposed to barley (host) and Arabidopsis (non-122 host), and M. persicae was exposed to Arabidopsis (host) and barley (poor-host). Both 123 aphids were also exposed to artificial diet for 3h and 24h. A total of five independent 124 replicates were used for this experiment and differential expression (DE) analyses was 125 performed as described (Thorpe et al., 2018) . For each selected effector (Rp1, RpC002, 126 Rp58, Mp1, MpC002, and Mp58), we performed BLAST searches against the RNAseq 127 datasets described in Thorpe et al. (2018) to identify their corresponding gene models. MpC002 were co-expressed with a plasma membrane molecular marker (Nelson et al., 138 2007) and with the p19 silencing suppressor (OD 600 = 0.1) for improving expression and 139 thereby detection under the confocal microscope. All other effector pairs were infiltrated 140 without p19. Three days after infiltration, plants were analysed under the confocal 141 microscope (Zeiss LSM 510 (Jena, Germany) using a Zeiss x20/x40 lens. GFP-fusion 142 proteins and free GFP were imaged with the GFP and chlorophyll filter (488 nm excitation), 143 and co-localization with the membrane marker was analysed with GFP-RFP filter (488-144 561nm excitation). The experiment was repeated four times, and the resulting images 145 were processed using ImageJ (Schneider et al., 2012 
Results

246
Effector sequence divergence between the aphid species R. padi and M. persicae 247 We predicted putative orthologs for 3 previously described M. persicae effectors, MpC002,
248
Mp1 and Mp58 from R. padi using reciprocal best blast hit analyses on available aphid 249 transcriptome datasets and aphid genome assemblies (threshold of 70 % identity and 250 50 % query coverage) (Thorpe et al., 2016; Thorpe et al., 2018) . To confirm the sequences 251 of putative orthologous effector pairs we cloned and sequenced their coding sequences.
252
Amino acid and nucleotide sequence alignments show varying degrees of sequence 253 divergence across the selected effector pairs (Fig. 1, Supplementary Fig. S1 ). We made use of previously generated aphid RNAseq datasets (Thorpe et al., 2018) Supplementary Fig. S2 ). In contrast, Rp1 from 293 R. padi was detected more strongly than its putative M. persicae ortholog Mp1 294 ( Supplementary Fig. S2 ). We detected GFP signal corresponding to the RpC002-and 295 MpC002-fusion proteins by confocal microscopy at the plasma membrane, and in some 296 cases, a weak signal was present in the nucleus or the cytoplasm (Fig. 3A and   297 Supplementary Fig. S3 ). It should be noted that expression of RpC002 was very low, 298 especially compared to MpC002 ( Supplementary Fig. S2 ), and only a few transformed 299 cells were visible. We validated the plasma membrane localization of RpC002/MpC002 300 effectors upon co-expression with a plasma membrane marker (Nelson et al., 2007) (Fig.   301   3A ). Both the Rp1 and Rp58 were detected in the cytoplasm and nucleus, similar to their 302 putative M. persicae orthologs and the free GFP control (Fig. 3B and Fig. 3C ). Similarly, we tried to express tagged effectors in barley epidermal cells using particle bombardment, RpC002 expression level ( Fig. 6A; Supplementary Fig. S5 ). In addition, all three 374 independent Rp1 barley lines showed enhanced susceptibility to R. padi with an increased 375 nymph production of 11-22% across lines compared to the wild-type control (One way 376 ANOVA post-hoc Fisher's protected Least Significant Differences (LSD); p>0,05) (Fig. 6B ).
377
Also, we observed a correlation between the level of effector gene expression and impact 378 on host susceptibility to aphids, with the lines showing the most pronounced susceptibility phenotype towards R. padi (Rp1_2A and Rp1_3B) also showing the higher Rp1 transcript 380 levels ( Fig. 6B; Supplementary Fig. S5 ). Fig. S6 and S7 ).
First, we compared basal gene expression levels across plant lines not infested with 405 aphids and without being exposed to a clip-cage (Fig. 7A) Rp1-3B (Fig. 7A) . SAG12-like expression was also reduced in the transgenic lines upon 410 exposure to either empty clip cages ( Supplementary Fig. S6A and B) or clip cages 411 containing aphids ( Fig. 7B and C Fig. S6A and B) . LOX2, JI, and JI2
417
showed a trend towards reduced expression in transgenic lines, but differences were not 418 consistently significant across all lines ( Supplementary Fig. S6A and B) . In response to 419 clip-cages with aphids for 24h, only LOX2 showed a significant reduction in expression in 420 all transgenic lines, whereas JI2 reduced expression was noticeable not consistently 421 significant (Fig. 7B ). For the 72h timepoint, 3 marker genes (beta-thionin, NPR1, EFR1) 422 showed a significant reduction in expression in all lines compared to wild-type plants when 423 exposed to clip-cages containing aphids, and similar trends were observed for WRKY50,
424
JI, JI2 and SAG12-like (Fig. 7C) . Overall, we observed a reduction of several marker the repeat motifs, showed enhanced susceptibility to aphids (Pitino and Hogenhout, 2013) . 451 We noticed that the RpC002 protein, which lacks the NDNQGEE repeats, is less environments (Lu et al., 2016; Mathers et al., 2017; Thorpe et al., 2018 (predicted) effectors such as MpC002 (Thorpe et al., 2018) . Whether and how these 469 effectors work together to enable aphid infestation remains to be explored. analysed by confocal microscopy, the highly abundant effector may not visibly localize to the site of the endogenous target. This is the case for Mp1, which only co-localizes to 483 vesicles in the presence of over-expressed VPS52 (interacting host protein), with 484 endogenous levels of VPS52 being low in leaf tissues (Rodriguez et al., 2017a) .
485
Despite a similar subcellular localization of MpC002 and RpC002 in N. benthamiana, only 486 MpC002 enhanced plant susceptibility in this plant species to M. persicae. specific activity within the aphid C002 family was previously reported and linked the 488 presence/absence of the NDNQGEE repeat motif (Pitino and Hogenhout, 2013 enhanced susceptibility to these same aphid species (Losvik et al., 2017 A) Nymph production per adult on transgenic barley lines expressing effector RpC002.
Three independent transgenic lines were assessed: RpC002_1A, RpC002_2A and RpC002_10A.
B)
Nymph production per adult on transgenic barley lines expressing effector Rp1. Three independent transgenic lines were assessed: Rp1_2A, Rp1_3B and Rp1_4E.
C) Nymph production per adult on transgenic barley lines expressing effector Rp58. Three independent transgenic lines were assessed: Rp58_5A, Rp58_8A and Rp58_11A.
Box plots show the average number of nymphs per adult 11 days after challenge (dac)
from at least three independent biological replicates (number of plants per effector or control used on each replicate = 5-10). Different letters indicate significant differences as determined with one-way ANOVA post-hoc Fisher's protected least significant difference test (p>0.05). Relative gene expression of defence-related/hormone-signalling genes was measured by qRT-PCR in control barley plants (cv. Golden Promise) and three independent barley lines expressing the R. padi effector Rp1.
